Human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia/lymphoma and is transmitted vertically via breast milk and horizontally via semen in areas of endemicity (reviewed in references 11 and 45). Breast milk contains a number of cells (e.g., neutrophils, macrophages, and lymphocytes), as well as a wide variety of bioactive factors, that exert antimicrobial activity (reviewed in reference 9). Lactoferrin is a major milk protein that acts as a nonspecific antimicrobial agent against pathogenic bacteria, fungi, and other viruses (including human immunodeficiency virus [HIV], herpes simplex virus, cytomegalovirus, and rotavirus) (reviewed in reference 43). A major source of lactoferrin in breast milk has not been determined; however, neutrophils have been shown to be major producers of lactoferrin (18) and to exist in large quantities in breast milk (9). Mucosal epithelial cells are also thought to be a source of lactoferrin in body fluids, including breast milk. Lactoferrin is also released from neutrophils in inflammatory sites, where lymphocytes, the major target of HTLV-1, are recruited (18). We have previously demonstrated that lactoferrin enhances HTLV-1 replication and transmission, at least in part, by upregulating the HTLV-1 long terminal repeat (LTR) promoter (29). Although lactoferrin exerts its antiviral activity by inhibiting viral entry into cells, lactoferrin appears to have little effect on cell-to-cell spread of HTLV-1, a highly cell-associated virus. Such a "smart" strategy, which utilizes a host antimicrobial factor for its replication and transmission, might have been established through a long period of coevolution between humans and HTLV-1.
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In the present study, we show that HTLV-1 infection can induce expression of lactoferrin. While mammary epithelial cells have previously been shown to support and transfer productive HTLV-1 infection in vitro (19) , HTLV-1 is not able to efficiently replicate in myeloid cells. However, HTLV-1 infection could induce expression of lactoferrin mRNA in those cells in a paracrine manner, where a soluble form of the Tax transactivator appears to play a role. Tax has been shown to be released from infected cells and to exert biological activity in neighboring uninfected cells (1, 5, 6, 20-23, 26, 38) . Tax transactivates the lactoferrin gene promoter in both myeloid and mammary epithelial cells. Therefore, it is possible that Tax released from HTLV-1-infected T cells contributes to lactoferrin production by stimulating neighboring cells. Such mutual interaction between HTLV-1 and lactoferrin has implications for milk-borne transmission of HTLV-1.
MATERIALS AND METHODS
Cells. HL-60 cells were grown in RPMI 1640 medium with 10% fetal bovine serum and induced for differentiation to the metamyelocyte stage or beyond by adding dimethyl sulfoxide (DMSO) to 1.25% for 5 days until Ͼ90% of the cells reduced nitroblue tetrazolium dye (data not shown). MCF-7 cells were grown in RPMI 1640 with 10% fetal bovine serum. HTLV-1-infected MT-2 cells were propagated as described previously (26) . Where indicated, MT-2 cells were cocultured with HL-60 cells or MCF-7 cells in a transwell system where the two types of cells were separated by a semipermeable membrane filter with 0.4-mol/ liter pores (Costar, Acton, MA). HeLa-Luc cells (containing a chromosomally integrated HTLV-1 LTR-driven luciferase gene) were a gift of K. T. Jeang (National Institute of Allergy and Infectious Diseases, Bethesda, MD) (33) . Peripheral blood mononuclear cells (PBMC) were isolated from healthy volunteers as described previously (25) . It has been shown that HTLV-1 Tax protein is released from HTLV-1-infected cells and exerts a number of biological activities in exposed cells and that cell-free supernatants from MT-2 cells and other HTLV-1-infected cells contain soluble Tax protein at nanomolar levels (4, 26) . Therefore, we next tested whether exposure of recombinant Tax protein to HL-60 cells or MCF-7 cells can induce lactoferrin gene expression. Myeloid-differentiated HL-60 cells or MCF-7 cells were incubated with GST or GST-Tax for 16 h, and total RNA was extracted for real-time RT-PCR, as described above. As expected, lactoferrin mRNA levels were increased by GST-Tax treatment of the cells in a dose-dependent manner (Fig. 1B) . Although GST-Tax was purified from Escherichia coli and therefore possibly contained endotoxin, we believe from three lines of evidence that the GST-Tax effect on lactoferrin gene expression was not due to contamination of endotoxin but due to Tax itself. First, while GST, which was similarly purified from E. coli, had no or very little effect on lactoferrin gene expression (data not shown), GST-Tax had significant effects on GST (Fig. 1B) . Second, chloroform extraction of the GSTTax preparations, which removes protein but not endotoxin, resulted in total loss of activity to induce lactoferrin gene expression (Fig. 1C) . Finally, neutralization of GST-Tax preparations or MT-2 cell-free culture supernatants with anti-Tax serum markedly reduced its ability to induce lactoferrin gene expression (Fig. 1D) .
RESULTS

HTLV-1 infection upregulates lactoferrin gene expression in
As shown above, lactoferrin gene expression was induced by (5, 6, 21, 26) , it is possible that Tax-inducible soluble factors also play a role in inducing lactoferrin gene expression. To explore this possibility, myeloid-differentiated HL-60 cells were treated with GST or GST-Tax and washed extensively to remove it, and cell-free culture supernatants were collected. As shown in Fig. 1E , cell-free culture supernatants from GST-Tax-preconditioned HL-60 cells induced lactoferrin gene expression at higher levels than those from GSTpreconditioned cells, suggesting that soluble Tax can mediate its activity on lactoferrin gene expression, at least in part, indirectly through induction of other soluble factors, likely cytokines.
The experiments suggest that HTLV-1 infection can upregulate lactoferrin gene expression in neighboring cells in a paracrine manner and that soluble Tax protein released from HTLV-1-infected cells plays a critical role.
Mutual interactions between HTLV-1 and mammary epithelial cells. We have previously reported that lactoferrin can transactivate the HTLV-1 LTR promoter. Therefore, we wanted to demonstrate whether culture supernatants from HTLV-1 Tax-stimulated lactoferrin-producer cells could induce HTLV-1 expression. To do so, mammary epithelial MCF-7 cells were treated with GST or GST-Tax and washed extensively to remove it, and cell-free culture supernatants were collected to stimulate HeLa-Luc cells. As shown in Fig. 2 , cell-free culture supernatants from GST-Tax-preconditioned MCF-7 cells induced expression from the HTLV-1 LTR at higher levels than those from GST-preconditioned cells, suggesting possible interaction between HTLV-1 and mammary epithelial cells.
HTLV-1 Tax transactivates the lactoferrin gene promoter. In order to investigate how HTLV-1 Tax could influence lactoferrin gene expression, we next performed transient-expression assays. Exposure to soluble GST-Tax protein at physiologically relevant concentrations (Fig. 3A) or cotransfection of Tax expression vector (Fig. 3B ) enhanced the activity of the lactoferrin promoter in both myeloid-differentiated HL-60 cells and MCF-7 cells in a dose-dependent manner, strongly suggesting that Tax mediates its effect on lactoferrin expression at the promoter level.
The lactoferrin gene promoter region contains binding sites for NF-B, AP-1, and C/EBP (NF-IL-6). Previous analysis of the human lactoferrin gene promoter sequence identified several regulatory cis-acting elements (Fig. 4A) , including an estrogen response element (37, 39, 40) , an extended estrogen response element half-site (46), a GATA site (13), COUP-TF binding elements (39, 46) , CCAAT displacement protein (CDP/cut) sites (14) , a site for C/EBP transcription factors (including nuclear factor-interleukin 6 [NF-IL-6]) (15, 44) , and Sp1 sites (15) . Since HTLV-1 Tax positively or negatively regulates the expression of a number of genes by interacting with a variety of cellular transcription factors, including C/EBP (NF-IL-6) (28, 42), we tried to find cis-acting elements that possibly mediate Tax function. In addition to the C/EBP (NF-IL-6) site, lactoferrin promoter sequences contain a putative NF-B site, as well as two possible AP-1 binding sites, both of which may be responsible for Tax-mediated activity (7, 8, 12, 36) .
Since the aforementioned NF-B site and AP-1 sites were postulated but not proven, gel mobility shift assays were performed to determine whether these elements bind to the expected transcription factors. The oligonucleotide containing the putative NF-B site on the lactoferrin promoter formed at least two complexes that appeared to contain NF-B/Rel family proteins. Formation of these complexes was specifically disrupted by competitor oligonucleotides known to bind NF-B (Fig. 4B, lanes 5 and 6) or by antibodies to p50 or p65 (Fig. 4B, lanes 9 and 10) , indicating that one is a p50 homodimer and the other is a p65/p50 heterodimer. Similarly, supershift/interference analysis using specific antibodies and/or unlabeled competitor oligonucleotides revealed that two putative AP-1 sites are indeed cis-acting elements that bind to the Fos/Jun heterodimer ( Fig. 4C and data not shown) .
The molecular mechanism of Tax induction of lactoferrin promoter activity appears to be dependent on cell types. Tax cannot directly bind to promoter sequence but interacts with a number of cellular transcription factors to mediate its tran- scriptional activities. To demonstrate which activity is critical for the Tax-mediated effect on the lactoferrin promoter, two Tax mutants, M22 and ⌬3, were tested in transient-expression assays. M22 cannot activate the NF-B pathway but retains the ability to activate the cyclic AMP-responsive element-binding factor (CREB/ATF) and serum-responsive factor (SRF) pathways (36) . On the other hand, ⌬3 activates the NF-B pathway but fails to activate CREB/ATF and SRF pathways (10, 35) . For example, HTLV-1 LTR promoter activity is efficiently upregulated by M22, but not by ⌬3, while ⌬3, but not M22, efficiently upregulates HIV type 1 (HIV-1) LTR (Fig. 5A) . The effects of wild-type Tax, M22, and ⌬3 on lactoferrin promoter activity were tested in myeloid-differentiated HL-60 and MCF-7 cells. While wild-type Tax could upregulate lactoferrin promoter activity in either cell type, the activity of the Tax mutants relative to that of wild-type Tax varied, depending on the cell type. In HL-60 cells, M22 reduced its ability to transactivate the lactoferrin promoter, while ⌬3 retained most of its activity. In MCF-7 cells, however, minimal reduction of transactivating activity was observed in ⌬3, but not in M22 (Fig. 5B) . Therefore, while the NF-B transactivation pathway appears to be critical in Tax-mediated transactivation of the human lactoferrin promoter in myeloid-differentiated HL-60 cells, Tax may be able to upregulate the activity of this promoter unrelated to any of the classical transactivation pathways (NF-B, CREB/ATF, or SRF) in MCF-7 cells.
Among cis-acting elements on the lactoferrin promoter sequence reported previously or identified in this study, the NF-B site, the C/EBP site, and two AP-1 sites may be involved in Tax-mediated transactivation, as mentioned above. To delineate the Tax-responsive region(s) in the lactoferrin promoter sequence, site-directed mutations were introduced on those cis-acting elements. As shown in Fig. 5C , mutation of the NF-B site markedly, and of the C/EBP (NF-IL-6) site modestly, reduced Tax induction of the lactoferrin promoter in myeloid-differentiated HL-60 cells, but mutations of both AP-1 sites had little effect on it. In gel mobility shift assays, GST-Tax treatment induced NF-B binding activity significantly in myeloid-differentiated HL-60 cells but only minimally in MCF-7 cells (Fig. 5D ). On the other hand, Sp1 binding activity in GST-Tax-treated cell nuclear extracts was comparable to or even slightly less than that in GST-treated cell nuclear extracts (Fig. 5D and data not shown) . In contrast, mutation of the C/EBP site or AP-1 site, but not the NF-B site, modestly reduced Tax induction of lactoferrin promoter activity in MCF-7 cells (Fig. 5C) . Therefore, these experiments also suggest that the NF-B transactivation pathway is important for Tax-mediated transactivation of the lactoferrin promoter in myeloid-differentiated HL-60 cells and that other mechanisms are likely involved in the Tax effect on the lactoferrin promoter in MCF-7 cells.
DISCUSSION
In this study, we demonstrated that HTLV-1, which is transmitted vertically through breast milk or horizontally through semen, upregulated expression of lactoferrin, a major constituent in these body fluids. HTLV-1 infection mediated such effect in neighboring cells in a paracrine manner. This is important, since lactoferrin-producing cells, such as neutrophils and mammary epithelial cells, are not known as typical target cells of HTLV-1. Since HTLV-1-infected T cells stand a good chance of closely contacting neutrophils (one of the major cellular components of breast milk) or mammary epithelial cells in the lactic compartment, it is likely that our observation in in vitro experiments also holds true in in vivo settings. If that is the case, it is expected that breast milk from HTLV-1-infected lactating mothers contains a greater amount of lactoferrin than that from uninfected mothers. We are currently working on this hypothesis; however, pregnant women in areas of endemicity in Japan have been screened for HTLV-1 infection, and carrier mothers are instructed not to breastfeed, making it quite difficult to collect milk samples from infected mothers.
Our results suggested that HTLV-1 Tax transactivator played a role, at least to a certain degree, in such paracrine genes through interaction with multiple transcription factors, their coactivators, or signaling molecules. NF-B sites and CRE are most extensively characterized among cis-acting elements mediating Tax effects, but AP-1 sites and C/EBP sites have also been shown to mediate Tax-mediated effects (7, 8, 10, 28, 42) . In myeloid-differentiated HL-60 cells, the NF-B transactivation pathway appears to be critical for Tax-mediated induction of the lactoferrin gene promoter; however, we could not delineate which transactivation pathway or cis-acting element(s) is particularly important in MCF-7 cells. Cell-typedependent effects of Tax on cellular transcription factors have been known for years. While Tax had a positive effect on NF-B activity but no effect or a slightly negative effect on Sp1 activity in HL-60 cells in this study, Sp1 activity was reported to be variable among HTLV-1 Tax-positive cell lines (3) .
Lactoferrin gene expression is regulated by several stimuli, and a number of cis-acting elements have been characterized in the human lactoferrin gene promoter region. C/EBP family transcription factors (C/EBP␣ and C/EBPε), CDP/cut, and Sp1 are necessary to activate the lactoferrin gene promoter during myeloid differentiation (14) (15) (16) . On the other hand, lactoferrin gene expression is regulated by estrogen in the uterus and mammary gland (37, 39, 40) . Therefore, it is not surprising to find such cell-type-dependent effects of Tax on the lactoferrin gene promoter.
Taken together with our previous study indicating that lactoferrin enhances HTLV-1 replication and transmission (29) , it is tempting to consider that HTLV-1 and lactoferrin benefit from each other and that such mutual aid helps accelerate viral transmission through breast milk. In the lactic compartment that contains a large amount of lactoferrin, further enhancement of lactoferrin production by HTLV-1 infection may not be particularly useful for replication of this virus at this site. However, since lactoferrin in breast milk may be substantially diluted in the gastrointestinal tracts of babies and the lactoferrin effect on HTLV-1 replication and transmission is dose dependent, HTLV-1 induction of lactoferrin expression in the lactic compartment would be beneficial for mother-to-child transmission of the virus.
Interestingly, prostaglandin E2 (PG-E2) and transforming growth factor beta (TGF-␤), other major constituents of breast milk and seminal fluid, also enhance HTLV-1 replication and transmission (28, 30) . Furthermore, HTLV-1 Tax has been shown to transactivate promoters for cyclooxygenase-2 (one of the PG-E2 synthetases) (28) and for TGF-␤ genes (17) . These accumulating data raise the interesting possibility that HTLV-1 has evolved so as to make use of breast milk-or semen-derived host factors for its replication and transmission. Considering the fact that lactoferrin, PG-E2, and TGF-␤ have been shown to suppress infection with HIV-1 (30, 34, 41) , another human retrovirus that is also transmitted through breast milk or semen, host factors in these body fluids probably influence viral infections in a variety of ways. Further studies are needed to more precisely delineate the effects of such host factors on milk-borne or sexually transmitted pathogens.
